Chondrocytes are responsible for maintaining the cartilage that helps joints like the knee and hip bear load and move smoothly. These cells typically respond to physiological compression with pathways consistent with matrix synthesis, and chondrocyte mechanotransduction is essential for tissue and joint homeostasis. In osteoarthritis (OA), chondrocyte mechanotransduction appears to be dysregulated, yet many pathways and mechanisms of osteoarthritic chondrocyte mechanotransduction remain poorly understood. The objective of this study is to document the phosphoproteomic responses of primary osteoarthritic chondrocytes to physiological sinusoidal compression. Here we show that OA chondrocytes respond to physiological compression by first activating proteins consistent with cytoskeletal remodeling and decreased transcription, and then later activating proteins for transcription. These results show that several microtubulerelated proteins respond to compression, as well as proteins related to calcium signaling, which has previously been extensively shown in chondrocytes. Our results demonstrate that compression is a relevant physiological stimulus for osteoarthritic chondrocytes. We anticipate these data to be a starting point for more sophisticated analysis of both normal and osteoarthritic chondrocyte mechanotransduction. For example, finding differences in compression-induced phosphoproteins between normal and OA cells may lead to druggable targets to restore homeostasis to diseased joints.
Introduction
Osteoarthritis (OA) is the most common joint disorder worldwide [1] [2] [3] [4] [5] [6] [7] , and is characterized by the breakdown of the articular cartilage covering the joint surfaces. Articular cartilage is composed of a dense extra cellular matrix (ECM), a less-dense pericellular matrix (PCM), and highly specialized cells, chondrocytes [8] . At these joint surfaces (e.g. the hip and knee), the chondrocytes are subjected to repetitive mechanical loading, which can reach magnitudes as high as 10 times an individual's body weight [9] . These loads alter the chondrocyte environment. In OA, the processes by which chondrocytes sense and respond to their mechanical environment, termed mechanotransduction [10] , are disrupted.
Chondrocytes [10] [11] [12] [13] , and other mammalian cells [14] [15] [16] [17] can transduce mechanical inputs into biological signals, but the link between these two processes remains unclear [18] . Because most of the druggable genome resides in phosphoprotein-mediated interactions [19] , understanding how the chondrocyte phosphoproteome changes in response to compression is important for developing new treatments for joint disease. The objective of this study is to characterize changes in protein phosphorylation after dynamic compression of primary osteoarthritic chondrocytes.
Chondrocytes are the sole cell type in articular cartilage and play a critical role in maintaining cartilage homeostasis through anabolic and catabolic processes. Mechanical stimulation drives this delicate balance [20, 21] . The role of healthy chondrocytes is primarily anabolic in nature.
This anabolism includes protecting, maintaining, and repairing cartilage by synthesizing collagen (mostly type II), and proteoglycans [22] through the secretion of cytokines, growth factors, and protease inhibitors [20] . However, in diseased cartilage (e.g. OA), catabolism dominates, and usually involves breakdown of ECM and PCM through secretion of proteases (e.g. matrix metalloproteinase (MMPs)). Dynamic loading, such as walking, promotes anabolic responses in diseased chondrocytes, whereas static loading inhibits matrix anabolism (e.g. by upregulation of catabolic enzymes such as MMP-13) [23] [24] [25] [26] .
Previous studies of signaling in chondrocytes discovered pathways involving proliferation [27] , cell differentiation and dedifferentiation [28] , matrix catabolism (via MMPs and ADAM/ADAM-TS gene expression) [29] , and programmed cell death [30] . These studies provide a detailed understanding of various processes for mechanically-induced signaling in chondrocytes. Studies of chondrocyte mechanotransduction show that chondrocytes respond to applied loading by remodeling their cytoskeleton [31, 32] . Previous phosphoproteomic analysis of primary human chondrocytes provided insight into the pathophysiology of degradative diseases in cartilage [22] . However, to our knowledge, no studies have used phosphoproteomics as a tool for elucidating signaling mechanisms of chondrocyte mechanotransduction.
In this paper, we move toward understanding the role of protein phosphorylation in chondrocyte mechanotransduction. To do this, we identify phosphorylated proteins in primary human OA chondrocytes that are dynamically compressed to physiological levels. The data show a phosphoproteomic signature consistent with mechanotransduction beginning at the cell membrane and proceeds through the cytoskeleton to the nucleus. This spatiotemporal sequence of pathways can inform studies aiming to harness chondrocyte mechanotransduction to repair and rebuild cartilage.
Results
The objective of this study is to characterize the phosphoproteomic response of primary human OA chondrocytes stimulated by physiological dynamic compression. We analyze the untargeted phosphoproteomic profiles to minimize bias by the exclusion of important, but unexpected, data (i.e. if only a single signaling pathway were selected a priori). Primary chondrocytes from OA joint replacement tissues were harvested, encapsulated in physiologically stiff agarose, and subjected to physiological compression tests for 15 (DL15) or 30 (DL30) minutes prior to phosphoproteomic analysis ( Figure 1 ). We also analyzed uncompressed control samples (UC). To our knowledge, the present study is the first application of phosphoproteomics to analyze mechanotransduction in primary OA chondrocytes.
These data demonstrate that applied dynamic compression stimulates primary osteoarthric chondrocytes to alter their phosphoproteomic profiles in a 3D culture system.
Proteomic Analysis and Characterization
LCMS data for each of the individual samples (n=5 per group) from each experimental group (UC, DL15, and DL30) were processed individually through the TOPPAS pipeline [33] . After false discovery rate (FDR) filtering with a 5% threshold and using the decoy protein hits and combining all replicates from each loading group, we identified 2858, 2246, and 2570 phosphoproteins including isomers for UC, DL15, and DL30, respectively (Supplementary Table   6 ). We further refined these data by focusing only on phosphoproteins detected in more than half of the samples for each loading group. The final dataset consisted of 767, 359, and 623 phosphoproteins detected for UC, DL15, and DL30, respectively ( Figure 2 ). To analyze the effects of dynamic compression on chondrocyte metabolism, we made individual comparisons between unloaded control samples and samples loaded for either 15 or 30 minutes of dynamic compression, discussed below. We first report differences in phosphoprotein expression before examining differences in pathways represented by various groups of proteins.
Differential phosphoprotein expression after 0, 15, or 30 minutes of compression By comparing samples stimulated by dynamic compression to the controls, we identified proteins phosphorylated in response to mechanotransduction. This group helped us to establish the breadth of compression as an environmental stimulus. Comparing all groups (e.g. UC, DL15, and DL30, Figure 2A ), we find 612 phosphoproteins are unique to UC, 241 unique to DL15, 478 unique to DL30, and 36 common between all three of them. The first comparison between unloaded controls (UC) and DL15 samples reveals 685 phosphoproteins unique to UC, 277 unique to DL15, and 82 phosphoproteins common between the two samples ( Figure 2B ). Figure 2D ), 287 phosphoproteins are unique to DL15, 551 unique to DL30, and were 72 common between them. Of the 72 common between DL15 and DL30, one phosphoprotein is down-regulated with increased loading in the DL30 group and the remaining 71 are not significantly different.
We identify three unique clusters of phosphoproteins that were co-regulated as a result of dynamic compression using unsupervised clustering ( Figure 3 , Table 1 ). These clusters describe the timecourse of protein phosphorylation stimulated by compressive loading. Cluster These data show that dynamic compression substantially alters expression of phosphorylated proteins, and that there are differences between cells stimulated by 15 and 30 minutes of compression. To further understand chondrocyte mechanotransduction, we analyzed pathways represented by these phosphoproteins.
Pathways stimulated by 0, 15, or 30 minutes of compression
To examine how compression regulated the chondrocyte phenotype, we use pathway enrichment analysis. The phosphoproteins identified after FDR-correction from each of the comparisons (UC vs. DL15, UC vs. DL30, and DL15 vs. DL30) identify key signaling pathways using enrichment analysis ( Table 2, Supplemental Tables 2-4 ) [34] . This analysis compares the relative enrichment of phosphoproteins between specific signaling pathways and the specific phosphoproteins identified in each group.
When comparing UC against DL15, we observe 201 signaling pathways (p<0.05) unique to UC samples. These pathways included collagen formation and biosynthesis (p<0.01). 92 significant pathways are enriched from phosphoproteins unique to DL15 samples, including Acetyl-CoA biosynthesis (p=0.0157) and Hedgehog signaling (p=0.0386). Phosphoproteins common to both UC and DL15 show 61 significant signaling pathways, including RhoA activity (p<0.01), and Rho GTPase signaling (p<0.01) that have previously been observed in chondrocyte mechanotransduction [35] . These data indicate that 15 minutes of loading induces phosphoproteomic changes at the cell periphery.
For the UC vs. DL30 comparison, we identify 215 signaling pathways (p<0.05) unique to UC, 119 unique to DL30, and 71 shared by both UC and DL30. The pathways for UC include collagen formation and biosynthesis (p<0.01), and extracellular matrix organization (p=0.01).
Pathways for DL30 samples included MAPK signaling (p<0.01), Rho GTPase signaling (p<0.01), hyaluronan biosynthesis (p=0.0252), and glucose-6-phosphate dehydrogenase deficiency (p=0.0473). Overlapping pathways between UC and DL30 included ECM proteoglycan synthesis (p=0.0374), and Erk2 activation (p=0.0489). These data indicate that 30 minutes of compression activate a pattern of signals consistent with matrix synthesis (e.g. hyaluronan) and nuclear signaling (e.g. MAPK).
To examine how compression changed over time, we compare DL15 to DL30. We find 80 signaling pathways unique to DL15, 100 unique to DL30, and 90 shared by both DL15 and DL30 (all p<0.05). Specific pathways to DL15 samples include Hedgehog (p<0.01), and calcium signaling (p=0.0453), consistent with prior studies [36, 37] . Specific pathways to DL30 samples include MAPK signaling (p<0.01), fatty acid activation (p<0.01), and Rho GTPase signaling (p<0.01). Common pathways between both DL15 and DL30 samples included RhoA activity (p=0.0168) and nucleotide sugars metabolism (p=0.0342). These data emphasize the role that RhoA plays in responding to applied compression of chondrocytes. Taken together, they support the concept of mechanotransduction beginning at the membrane (e.g. calcium signaling) and moving toward the nucleus (e.g. MAPK) with potential feedback for membrane remodeling by fatty acid activation through Acetyl-CoA metabolism.
Protein domains affected by compression
To assess sequence similarities between proteins affected by dynamic compression of chondrocytes, protein domain analysis was performed using DAVID [38, 39] using FDRcorrection. There were several structural domains common to the uncompressed controls (Table 3 ). These include several helicase domains indicating that dynamic compression deactivates helicases. Furthermore, domain analysis of proteins detected after either 15 or 30 minutes of compression indicates that Dynein, myosin, ATPase, and Calmodulin-binding domains are activated by compression.
Discussion
We used phosphoproteomics to identify pathways used by primary chondrocytes to respond to compression. During OA, cartilage deterioration proceeds through catabolic processes within the joint. Matrix degradation softens and weakens cartilage, and further joint loading through physiological processes (e.g. walking) promotes additional joint damage. Because chondrocytes and all cells respond to mechanical stimuli [40] , these loads also provide an opportunity for therapeutic direction of mechanotransduction to restore cartilage and joint health.
These data show that even chondrocytes from joints with advanced grade IV osteoarthritis can respond to applied compression with a broad phosphoproteomic response.
Here we found phosphorylation changes consistent with calcium signaling, cytoskeletal remodeling, and modulation of transcription and in response to applied compression of primary OA chondrocytes. We analyzed the short-term (<30 min) phosphoproteomic changes of these chondrocytes by comparing unloaded control samples (0 min. of loading), to samples subjected to either 15 (DL15) or 30 (DL30) minutes of dynamic compression. These data complement previous metabolomic findings [41] , and expand basic knowledge of chondrocyte mechanotransduction. Cytoskeletal changes mainly appeared after 15 minutes of loading whereas transcriptional regulation followed these changes after 30 minutes of loading.
Importantly, these cytoskeletal changes likely begin prior to the 15 minute timepoint observed in this study [35] .
Calreticulin was de-phosphorylated in response to applied compression. Calcium signaling is a well-established mechanosensitive response [42] [43] [44] and there are interactions between the actin cytoskeleton and calcium signaling [44] [45] [46] .
The cytoskeleton is a dynamic structure that provides crucial physical linkages within the cytosol and across the plasma membrane. We observed phosphorylation of ankyrin-2 and actin after 15 minutes of dynamic compression. We further observed dephosphorylation of the E3 ubiquitin ligase UBR4 which promotes actin remodeling [47] . After 30 minutes, we observed phosphorylation of vimentin, a perinuclear intermediate filament [48] . Finally, regulation of CDC42 activity was an enriched pathway after 15 minutes of compression. These data suggest "outside-in" mechanotransduction, wherein an externally applied load is first (e.g. after 15 minutes in this study) perceived at the plasma membrane and is then transduced through intermediate filaments which act as secondary transducers of mechanical loads.
Ankyrin not only affects chondrocyte cytoskeletal dynamics, but is important for maintaining cartilage homeostasis through CD44 [49] . This provides a potential mechanism whereby CD44 binds extracelluar hyaluronan for ECM deformation to be transmitted intracellularly. The actin cytoskeleton is a key component of cell shape, which has been linked with matrix synthesis supporting the chondrocyte phenotype [50, 51] , and prior studies found active remodeling of chondrocyte actin in response loading [12, 51, 52] . Disruption of vimentin networks in chondrocytes leads to decreased matrix synthesis and cell stiffness [53] , and OA chondrocytes exhibit altered vimentin networks [48] .
The cytoskeleton contains microtubules. However, little is known about the role of microtubules in chondrocyte mechanotransduction. Here, we found that compression decreased phosphorylation of microtubule-actin crosslinking factor 1 (MACF1) and dynein heavy chain 17 (DYH17), while compression increased expression of microtubule crosslinking factor 1 (MTCL1.) DYH17 produces force at the minus end of microtubules and MACF1 crosslinks microtubules to actin [54] . MTCL1 helps organize microtubules during polarization.
Furthermore, several dynein heavy chain and ATPase domains were present in proteins detected after both 15 and 30 minutes of compression. Additionally, both adaptor protein complex 4ε1 (AP4E1) and VPS39 were increased after compression. These proteins are involved in organelle traffic and sorting, potentially indicating compression-dependence in these processes. Taken together, these results suggest that compression induces microtubule reorganization. However, the effects of this reorganization (e.g. increased cellular stiffness, organelle trafficking, or other effects) remain unclear.
Cytoskeletal signaling regulates transcriptional activity [55] . Consistent with our interpretation that early (e.g. before 15 minutes) compression-induced cytoskeletal changes activate later transcriptional responses, after 30 minutes we observed phosphorylation of AF-9. AF-9 is a component of the RNA Pol II complex that accelerates elongation of nascent mRNA precursors [56] . Also after 30 minutes of compression, Cam6/Cps39-like protein, a regulator of TGF-beta activity through activation of SMAD2-dependent transcription, was phosphorylated.
Furthermore, we also observed compression-induced phosphorylation of zinc finger proteins (ZN592 and ZBTB1). ZBTB1 is a transcriptional repressor [57] , which was elevated after 15, but not 30 minutes of compression. ZNF592 contains the KRAB (Kruppel-associated box) domain which also represses transcription [58, 59] . Taken together, these data suggest that compression induces a specific transcriptional profile that includes repression of target genes for ZN592 and ZBTB1, consistent with several prior studies [23, 60] .
To our knowledge, this is the first study to perform proteome-wide phosphorylation analysis following applied compression to chondrocytes encapsulated in a physiologically stiff 3D microenvironment [61, 62] . There are important limitations to this study. First, this study focused on phosphoproteins, and therefore the expression of many unphosphorylated proteins is likely compression-dependent. This phosphoproteomic response is consistent with compression-dependent changes in transcription, and future transcriptional profiling may identify the specific genes induced by applied compression. Finally, compressive-sensitive phosphoproteomic expression may be affected by variables not considered in this study such as pericellular matrix, cell age, and other types of mechanical load such as shear.
In summary, this study demonstrates the power of using phosphoproteomics as a tool for understanding the chondrocyte response to short-duration (<30 min), dynamic compression. By expanding upon prior metabolomic analysis of primary human OA chondrocytes in response to dynamic compression [41] , we identified 514 phosphoproteins unique to dynamically stimulated samples. To our knowledge, this was the first study to successfully identify phosphoproteomic profiles for OA human chondrocytes in response to mechanical loading. This work suggests the potential to use mechanical stimulation (i.e. short-duration, low-impact exercise) as a tool to promote cartilage repair in OA clinical populations.
Materials and Methods

Chondrocyte Culture and Encapsulation
Primary human chondrocytes were harvested, isolated, and encapsulated using previously optimized methods [61] [62] [63] . Chondrocytes were harvested from the femoral heads of n=5
Grade IV OA patients undergoing total hip joint replacement surgery (mean age: 63 years (range: 54-80), and mean mass: 80.4 kg (range: 56.9-99 kg)). To harvest chondrocytes, cartilage shavings were digested in Type IV collagenase (2 mg/mL for 12-14 hrs. at 37C), and cultured in DMEM with 10% fetal bovine serum and 1% antibiotics (10,000 I.U. /mL penicillin and 10000 µg/mL streptomycin) in 5% atmospheric CO 2 . After 1 passage, cells were encapsulated at a concentration of ~500,000 cells/gel, and equilibrated in tissue culture conditions for 72 hours.
Mechanical Stimulation
Mechanical stimulation was performed using established techniques [41, 63] . For each donor (n=5, female), cell-seeded agarose gels were randomly assigned to one of three loading groups: unloaded controls (i.e. 0 minutes of loading), 15, or 30 minutes of dynamic, cyclic compression (n = 5 biological replicates for each loading group). Homogenous deformations [62] were applied to cell-seeded gels using previously optimized methods [41, 63] with a custom-built bioreactor emulating physiological loading conditions (3.1-6.9% compressive strain, calculated from initial gel height and a frequency = 1.1 Hz [64] ).
Protein Preparation and Extraction
To extract proteins after compression, gels were flash frozen in liquid nitrogen, pulverized, and stored at -80C prior to cell lysis [41, 63] . Cells were lysed by sonication and vortexing in RIPA buffer (50mM Tris-HCL (pH 8.0), 50mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS [65] ). Samples were then centrifuged at 21,000 x g at 4C for 10 minutes. Proteins were precipitated from the supernatant using ice-cold acetone overnight at -20C. Samples were centrifuged the next day at 21,000 x g at 4C for 10 min, and the acetone supernatant was discarded. The purified protein pellet was then re-suspended in 0.5M triethylammonium bicarbonate (TEAB).
Proteolysis, TiO 2 Phosphopeptide Enrichment, and Graphite Cleanup
To identify phosphoproteins, we digested the proteins as follows. Protein concentration was quantified using absorbance at 280 nm (NandDrop 2000c, Thermo Scientific). 400 µg of protein was then reduced for 1 hour at 60C with 10mM tris (2-carboxyethy) phosphine (TCEP) and cysteine-blocked with 8mM iodoacetamide at room temperature in the dark for 30 minutes. Chromatography was as follows: for 10 minutes, the sample was loaded onto the trapping column at a flow rate of 10 µL/min. From 10 to 11 minutes, the loading pump flow rate was ramped down to 5 µL/min. At 12 minutes, the loading valve was switched to place the trapping column in-line with the analytical column, and from 12 to 17 minutes the loading pump flow rate was ramped from 5 to 40 µL/min. From 106 to 108 minutes the loading pump was ramped back from 40 to 5 µL/min. The analytical/elution pump was maintained at 500 nL/min for the entire run. From 12 to 90 minutes the analytical pump solvents were ramped from 5% to 30% B.
From 90 to 105 minutes the analytical pump solvents were ramped from 30% to 95% B. At 110 minutes, the loading valve was switched to divert the trapping column to waste. From 119 to 120 minutes the analytical pump solvents were ramped from 95% to 5% B, and at 120 minutes each run was completed.
The mass spectrometer was a Bruker maXis Impact with CaptiveSpray ESI source: resolution is ~40,000 and accuracy is better than 1 ppm. Spectra were collected in positive mode from 150 to 2200 m/z at a minimum rate of 2 Hz for both precursor and fragment spectra, and with adaptive acquisition time for highly abundant ions (16 Hz for >= 25000 counts to 4 Hz for < 2500 counts).
Data Processing
We converted the resulting data files with MSConvert (ProteoWizard [70] ) to 32-bit .mzML format. These files were then processed with a series of bioinformatics tools. OpenMS TOPPAS was used with published methods [71] to create XTandem workflows to search two established databases (SwissProt and TrEMBL [72] ) to evaluate all possible matches . Both fixed (f) and variable (v) modifications were considered in the database search (carbamidomethyl modification of cysteine (f), oxidation of methionine (v), phosphorylation of serine (v), phosphorylation of threonine (v), and phosphorylation of tyrosine (v)), allowing for up to two missed cleavage sites. Precursor tolerance was 50 ppm and MS/MS fragmentation tolerance was 0.05 Da [20] . Instrument type was set to ESI-quad-TOF, and peptide charges up to +3 were permitted. The search database included the reviewed, Homo sapiens database (Uniprot/Swissprot) modified to contain both targets and "reversed" decoys for FDR (false discovery rate) corrections for multiple comparisons [73, 74] . Protein-level quantification included all isoforms.
Processed data files were then exported into Excel (Microsoft, Redmond, WA) for further processing. Cluster analysis was performed in MATLAB (Natick, MA) using the clustergram function and complete linkage. Pathway analysis was performed IMPaLA [34] and domain analysis was performed using DAVID [38, 39] . The background protein set for searches was Uniprot Release 2019_02.
Statistical Analysis and Candidate Selection
To assess the effects of mechanical loading on chondrocyte protein phosphorylation, three Supplementary Table 5 .
Figures, Tables, and Legends
Figure 4
Clustering indicates strong effects of mechanical loading on global phosphoprotein expression. Unsupervised clustering of all phosphoproteins detected in all samples conducted in MATLAB. Vertical dendrogram (top) indicates that the uncompressed controls (UC) were the most distinct samples, while there was similarity between the samples compressed 15 and 30 minutes. Individual clusters of phosphoproteins labeled alphabetically beginning on the top right. Pathways associated with these clusters shown in Supplementary File Pathway_Enrichment_Results.zip. Key cluster results shown in Table 3 . Table 1 Key proteins common to all groups suggest mechanotransduction involves cytoskeletal, calcium regulation, organelle trafficking, and transcriptional elements. Table summarizes key proteins detected in all groups from clusters in Figure 3 . Table 2 Pathways affected by physiological compression of OA chondrocytes. Over-representation analysis performed using IMPALA based on proteins detected in clusters in Figure 4 . Pathways defined as significant when p-values were smaller than the FDRcorrected significance level of 0.05. PID = pathway interaction database. INOH = Integrating Network Objects with Hierarchies. Wiki = wikipathways. Reactome = reactome. Table 3 Protein domains absent after compression. Proteins unique to uncompressed controls were analyzed for structural domains using DAVID. Helicase domains are enriched in these proteins, indicating that dynamic compression deactivates helicases, which are required for de novo transcription. Table 4 Protein domains detected after compression. Proteins present after either 15-or 30-minutes of compression were analyzed for structural domains using DAVID.
Supplemental Informations
Supplemental Table 1 Signaling pathways determined from pathway enrichment analysis comparing between unloaded controls (UC) and 15 minutes of dynamic compression (DL15).
Supplemental Table 2
Signaling pathways determined from pathway enrichment analysis comparing between unloaded controls (UC) and 30 minutes of dynamic compression (DL30).
Supplemental Table 3
Signaling pathways determined from pathway enrichment analysis comparing between 15 and 30 minutes of dynamic compression (DL15 and DL30, respectively).
Supplemental Table 4
Signaling pathways determined from pathway enrichment analysis comparing overlapping proteins between all conditions. Supplemental Table 5 Complete proteomics dataset. Labels as follows: raw-detected proteins. refined-detected proteins after FDR filtering. majority-detected proteins from a majority of the samples in each group.
Pathway Enrichment Results
Zipped directory of all pathway results based on clusters in Figure 3 .
Protein Domain Results
Zipped directory of all protein structural domains detected and summarized in Tables 3-4 . 
